Equilibrium structures and the respective binding energies of acetic acid monohydrates and dihydrates have been determined by density-functional theory calculations with different basis sets, including 6-31+ G͑3d , p͒, 6-311+ + G͑d , p͒, and 6-311+ + G͑3df ,3pd͒. Given that the C v O and OH groups in acetic acid provide the predominant hydrogen-bonding interactions with water, six stable conformer structures have been found each for the monohydrate and syn-dihydrate. Of the three syn-and three anti-conformers of acetic acid with water, the most stable monohydrate structure is found to be that of the syn-conformer bonding with water in a cyclic double H-bonded geometry. Similarly, the syn-conformer bonding with two water molecules in a cyclic double H-bonded geometry has also been determined to be the most stable among the six plausible structures for the syn-dihydrate. Frequency analysis of the stable conformers has been performed and the vibrational spectra of the most stable monohydrate and dihydrate structures are compared with the experimental gas-phase and matrix data. Furthermore, the calculated binding energies between an acetic acid and a water molecule for both monohydrate and dihydrate are larger than that between two water molecules, which supports our recent experimental observation of coevaporation of acetic acid with water upon annealing acetic acid on ice.
I. INTRODUCTION
The investigation of water complexes has attracted much recent attention because of the fundamental interest in the molecular interactions of clathrate hydrates, aqueous solutions, and adsorbates on ice. 1 Since the intermolecular interactions in these weakly bound systems are complex and largely pair additive, the use of model systems calculated by ab initio methods could provide considerable insights into these interactions and aid the interpretation of our experimental data. Unlike traditional semiempirical methods, ab initio calculations can also be used to provide not just structural and energy properties but also vibrational analysis without the use of empirical force fields, [2] [3] [4] which have become quite useful for the assignment and interpretation of infrared and Raman spectra as well as for the determination of molecular structures and potential-energy surfaces. 5 Although the Hartree-Fock ͑HF͒ method generally overestimates vibrational frequencies by approximately 10% due to the neglect of electron correlation and anharmonicity effect, 6 this method has remained to be one of the most useful and relatively inexpensive techniques for vibrational analysis. With ten monolayers of water molecules interchanging between the solid and vapor phases per second at 180 K, 7, 8 the ice surface provides a highly dynamical medium for various fundamental surface processes. In particular, the diffusion and desorption of water molecules at 180 K occur on time scales of 5 and 90 ms, respectively, 9 while the adsorption of a guest molecule typically occurs on a picosecond time scale. 10 Due to the large difference in the time scales, the ice surface would appear static to an incoming guest molecule, therefore validating the use of equilibrium structures as obtained from ab initio calculations to model these intricate surface phenomena. Ab initio HF methods at the 6-31G ** level have often been used to provide reasonable estimates of the energies of both conformational changes and hydrogen bonding of fairly large systems where more sophisticated calculations are not feasible. 11 It is well known, however, that a more reliable description of these weak interactions generally requires consideration of electron correlation not included in the HF method. 6 On the other hand, density-functional theory ͑DFT͒ involving, in particular, the B3LYP hybrid functional [12] [13] [14] has proven to be useful in this regard especially for H-bonded complexes. [15] [16] [17] DFT offers an electron correlation correction of similar or superior quality to second-order Møller-Plesset perturbation theory [18] [19] [20] ͑MP2͒ but at a considerably lower computational cost. The cost advantage becomes progressively greater with an increasing size of the system where geometry optimization is time consuming. DFT calculations using a very large diffuse basis set such as 6-311 + +G͑3df ,3pd͒ should also provide reliable H-bonding interaction energies for weakly bound systems. 21 While the smaller basis sets ͑e.g., 6-31G ** ͒ may not yield adequate results, this type of a very large basis set is unfortunately found to be impractical and cost prohibitive for large systems ͑e.g., over ten-water molecules͒. Consequently, the smaller nonstandard diffuse polarization basis sets ͓e.g., 6-31 +G͑3d , p͒ used in the present work͔ developed by Ochterski could be a good compromise in achieving the desired accu-racy at a moderate computing cost for H-bonded systems such as water. 21, 22 Since hydrogen bonds are largely electrostatic in nature, the accuracy of the molecular dipole moment would provide a measure of the quality of the calculation for hydrogen-bonding interaction. For example, the HF method overestimates the experimental dipole moment of water ͑1.854 D͒ and acetic acid ͑1.74 D͒ by 15.8% and 5.1%, respectively, with the 6-31G ** basis set. On the other hand, the DFT method, which partially includes electron correlation, overestimates the dipole moment by 10.2% and 7.7% for water and acetic acid, respectively, with the same 6-31G ** basis set. With the larger 6-31+ G͑3d , p͒ ͓6-311 + +G͑3df ,3pd͔͒ basis set, the DFT calculation only overestimates the experimental values by 1.7% ͑1.9%͒ and 2.8% ͑2.4%͒ for water and acetic acid, respectively.
The interactions of acetic acid with water are particularly interesting due to the presence of the carbonyl and hydroxyl groups in the carboxylic acid group, which could provide hydrogen-bonding interactions, respectively, with the dangling H and dangling O atoms of the water molecules. Furthermore, the carbonyl and hydroxyl groups in acetic acid could also facilitate dimer and oligomer formations expected in the solid phase. Recently, we studied the interactions of acetic acid solids and of acetic acid adsorbed on ultrathin noncrystalline and polycrystalline ice films by Fourier transform infrared ͑FTIR͒ reflection-absorption spectroscopy ͑RAS͒. 23 We now provide an ab initio computational study in order to aid our spectral assignments and infer the nature of the molecular interactions that underline the adsorption and thermal evolution. In particular, equilibrium structures and binding energies of acetic acid monohydrates and dihydrates have been obtained by DFT calculations with sizable basis sets. The effects due to the size of the basis set and the basis set superposition errors have been investigated, while vibrational analysis has been performed to follow the shifts in new intermolecular and intramolecular frequencies as a result of the complex formation.
II. COMPUTATIONAL DETAILS
All the calculations have been performed using the GAUSSIAN98 suite of programs 24 at a homebuilt computer cluster based on the Pentium-4 technology. The total electronic energies, equilibrium geometries, and corresponding harmonic vibrational frequencies of possible conformations of the acetic acid monohydrate and dihydrate have been determined by using the DFT method at the Becke's threeparameter hybrid functional 12, 13 with the Lee-Yang-Parr correlation functional 14 ͑B3LYP͒ level. Restricted HF calculations with the 6-31G ** basis set have been used to provide the initial structures for the subsequent DFT calculations involving larger basis sets, including 6-31+ G͑3d , p͒, 6-311+ + G͑d , p͒, and 6 311+ + G͑3df ,3pd͒. Zero-point vibrational energy ͑E ZP ͒ corrections have been obtained in the calculations but not included in the calculated total energies and relative stabilities as well as the binding energies reported in the present work. The binding energies ⌬E ͓=E hydrate − ͑E acetic acid + n E water ͔͒ for the monohydrate ͑n =1͒ and dihydrate ͑n =2͒ have also been determined without the function counterpoise corrections for the basis set superposition error ͑BSSE͒, 25, 26 where the E's correspond to the total energies of the hydrate, acetic acid, and water. For a molecular system involving two subsystems A and B ͑as in the monohydrate case͒, the E BSSE is given by
where E X ͑Y͒ is the total energy of subsystem X obtained with the basis set of Y in the equilibrium geometry of the entire system. For a system with three subsystems A, B, and C ͑as in the dihydrate case͒, the corresponding E BSSE is given by 27
In general, the magnitude of E BSSE decreases with an increasing size of the basis set, especially when diffuse and polarization functions are included in the B3LYP method. 28 For larger basis sets, the inclusion of E BSSE correction therefore has minor effects on the binding energy ⌬E. The function counterpoise method only provides an upper limit to the true basis set superposition error, and the "true" binding energy is expected to be between ⌬E and ⌬E + E BSSE .
There are two conformers for the acetic acid molecule: the syn-and anti-conformers with their respective hydroxyl H pointing, respectively, along and opposite to the direction of the carbonyl O. The syn-conformer is also found to be more stable than the anti-conformer by 28.9 kJ mol −1 ͑with a rotational barrier of 55.2 kJ mol −1 ͒ in a reference interaction site model-self-consistent field ͑RISM-SCF͒/ multiconfigurational self-consistent field ͑MCSCF͒ calculation reported by Sato and Hirata 29 and by 21.4 kJ mol −1 in the present DFT/ 6-311+ + G͑3df ,3pd͒ calculation by us. The corresponding Boltzmann population distribution favors the syn-over the anti-conformer by 25 000 to 1 at room temperature. In Table I , we compare the equilibrium structures and the corresponding dipole moments and total energies for the syn-and anti-conformers of acetic acid and for a water molecule obtained by different ab initio calculations with the available experimental data. 30 Evidently, all of our calculations show the same relative stability between the syn-and anti-conformers of acetic acid. It is also not surprising that relative to the B3LYP calculations with larger basis sets ͓6-31+ G͑3d , p͒, 6-311+ + G͑d , p͒, and 6-311 + +G͑3df ,3pd͔͒, both the HF and B3LYP calculations with the 6-31G ** basis set generally give a poorer agreement with the experimental values for the dipole moment and the structural parameters ͓e.g., R͑O-H͔͒. Furthermore, the larger the basis set ͑except for the nonstandard 6-31+ G͑3d , p͒ basis set͔, the more negative is the total energy, as generally expected from the variational principle. However, the basis sets with more diffuse and polarization functions are expected to provide a more accurate description of the weakly bonded systems such as the H-bonded hydrates. We therefore concentrate our discussion below on the calculated results ob-tained by using the larger basis sets ͓6-31+ G͑3d , p͒, 6-311 + +G͑d , p͒, and 6-311 + G͑3df ,3pd͔͒.
In the present work, we label the monohydrate and dihydrates of acetic acid as follows. For the conformers of the acetic acid monohydrate, the calculated equilibrium structures are identified by an uppercase letter S for the syn-and A for the anti-conformers of the acetic acid molecule, followed by a number indicating the relative position of the water molecule with respect to the acetic acid, with 1 for the carboxylic acid side, 2 for the methyl-carbonyl side, and 3 for the methyl-hydroxyl side. In the case of the dihydrate structures, an additional number is used to identify the relative position of the second water molecule following the same convention as the monohydrate.
III. RESULTS AND DISCUSSION

A. Conformers of acetic acid monohydrate
The equilibrium structures for the six conformers of the acetic acid monohydrate have been determined by DFT-B3LYP calculations with the nonstandard 6-31+ G͑3d , p͒, and the standard 6-311+ + G͑d , p͒ and 6-311 + +G͑3df ,3pd͒ basis sets, with 185, 152, and 303 basis functions, respectively. Selected structural parameters along with the dipole moment, the total energy without the E ZP correction, and the binding energy without the corresponding E BSSE correction obtained by these calculations are presented in Table II . Evidently, the structural parameters and the energies obtained for all the basis sets are very similar to one another for all of the conformers. As expected, the larger the standard basis set, the lower is the calculated total energy. The conformer structures obtained by the largest basis set, 6-311+ + G͑3df ,3pd͒, exhibit the lowest total energies, and these structures are shown in Fig. 1 . It should be noted that only minor changes ͑less than 2%͒ in the original structures of acetic acid and water molecules ͑Table I͒ are observed upon hydrate formation, for all calculations depicted in Table  II . In particular, the C-O bond length in acetic acid is found to be slightly shortened concomitantly with a minor increase in the corresponding C v O bond length. Furthermore, the O-H bonds in acetic acid and in water that are directly involved in H bonding ͑with the dangling O in water and the carbonyl group in acetic acid, respectively͒ are also found to lengthen slightly. Of interest is the ͑nonstandard͒ modified basis set, 6-31+ G͑3d , p͒, optimized by Ochterski for modeling H-bonding interaction. 21, 22 Table I clearly shows that while the corresponding total energy E differs the most from that obtained by the largest basis set, the corresponding binding energy ⌬E obtained by the 6-31+ G͑3d , p͒ basis set ͑with 185 basis functions͒ is quite close to that provided by the largest basis set ͑with 303 basis functions͒. The Ochterski basis set is therefore only slightly larger than the 6-311 + +G͑d , p͒ basis set ͑with 152 basis functions͒ but could provide ⌬E values of similar quality to the much larger basis set. The use of such a basis set therefore offers considerable cost saving for computing properties of large, weakly bonded ͑hydrate͒ systems ͑involving H-bonding interactions͒.
Given that H bonding is commonly considered primarily as a weak electrostatic interaction in nature, it has been suggested that the H bonds in hydrates generally exhibit a bond length less than 2.4 Å and a bond angle greater than 120°, 31 with a bond energy of 10.5 kJ mol −1 . 32 We therefore consider the existence of a H bond when the bond length is less than 2.4 Å. Since the other two basis sets provide rather similar values for the properties, we focus our discussion only on the results obtained by the largest basis set, 6-311 + +G͑3df ,3pd͒. The binding energy obtained by the present calculation should be a good measure of the H-bonding interactions in the hydrates. Of the six conformer monohydrate structures shown in Fig. 1 , the S1 conformer is found to be the most strongly bound structure, with ⌬E ͑−39.9409 kJ mol −1 ͒ nearly twice that of those for most other conformers. The S1 conformer is unique because it corresponds to a cyclic complex bound together by two This trend reflects how readily thermodynamically the monohydrate could be separated into the individual acetic acid and water molecules. It should be noted that since the presence of transition states has not been investigated in our calculations, our results could therefore only be used to evaluate the thermodynamical viability of the process. Evidently, the ⌬E values of these conformers suggest that the bond strength of a H bond in the monohydrate is approximately 20 kJ mol −1 and is therefore considerably smaller than the bond enthalpy of a normal covalent bond ͑300-450 kJ mol −1 ͒, i.e., 5%-10% of that of a covalent bond. The experimental binding enthalpy of water dimer has been reported to be 15± 2 kJ mol −1 by Curtiss et al., 33 in good accord with the DFT/ 6-311 + +G͑3df ,3pd͒ result obtained by us ͑17.2 kJ mol −1 ͒. The present calculation shows that the binding energy of the most stable monohydrate conformer S1 is nearly twice of those of the calculated ͑and experimental͒ values of the water dimer, which supports the hypothesis of coevaporation of acetic acid and water upon annealing acetic acid adsorbed on an ultrathin ice film proposed in our recent work. 23 Table III compares the vibrational wave numbers and IR intensities of the syn-and anti-conformers of acetic acid and the six acetic acid monohydrate conformers obtained by the B3LYP/ 6-311+ + G͑3df ,3pd͒ calculation with the corresponding gas-phase 34 and matrix experimental data. 35 have very similar wave-number values ͑to within 2%͒. However, discernible differences are observed in the relative intensities of the vibrational modes between the two acetic acid conformers, reflecting the structural differences of these conformers. The calculated wave numbers of the more stable syn-acetic acid conformer differ from the observed wave numbers for both the gas-phase 34 and matrix data 35 by as much as 4.6% for ͑OH͒ in the high-wave-number end to 1.4% for ͑CC͒ in the other end. The relative intensities of the syn-acetic acid conformer are found to be in better accord with the experimental results 34 than the less stable anticonformer.
In the case of the acetic acid monohydrate conformers, most of the wave numbers, particularly those involving the C-CH 3 backbone, are found to be similar to one another. However, notable differences are observed in the vibrational wave numbers of the bonds directly involved in H bonding. To illustrate the effects of H bonding with a water molecule in the monohydrate, we consider the wave-number shifts ⌬ of the vibrations for the S1-S3 and the A1 -A3 monohydrate conformers with respect to the syn-and anti-acetic acid conformers, respectively. In particular, the ͑C v O͒ stretching wave numbers for all the monohydrate conformers ͑Table III͒ are found to undergo a redshift ͑with respect to the re- These C-O-related vibrational shifts therefore appear to be anticorrelated with the observed shift for the ͑C v O͒ mode. In the case of the ͑OH͒ stretching mode, the redshifts for S1 ͑⌬ = −360 cm −1 ͒ and A3 ͑⌬ = −226 cm −1 ͒ are considerably larger while the corresponding redshifts for other conformers ͓⌬ =−3 cm −1 ͑S2͒, −2 cm −1 ͑S3͒, and −1 cm
͑A1 and A2͔͒ are near zero. The observed redshifts in ͑C v O͒ and ͑OH͒ for the acetic acid monohydrate conformers are consistent with the redshifts typically found in the vibrational wave numbers of bonds directly involved in H bonding for other H-bonded complexes. 28 Table III also shows that the wave numbers and intensities of the ͑CC͒ stretching and other vibrational modes involving the methyl group are only slightly affected by the presence of the water molecule, which is consistent with the equilibrium structure of the monohydrate that involves no direct interaction between that part of the acetic acid and the water molecule. For the vibrational modes of water in the monohydrate, notable redshifts are also observed in the s ͑OH͒ symmetric stretching mode with respect to that of a free water molecule ͑Table III͒. The formation of H bonds in the monohydrate therefore weakens the adjacent covalent bonds in the constituent acetic acid and water molecules. The calculated changes in the vibrational wave numbers are generally consistent with the corresponding changes in the respective bond distances upon monohydrate formation, as observed above. It should be noted because the wave-number shifts ⌬ are expected to be relatively insensitive to the different computational methods given a sufficiently large basis set, the present calculations for acetic acid monohydrate could therefore be used to predict the corresponding IR spectrum by combining with the measured spectra of the corresponding constituent molecules.
In addition, there is generally no significant change in the calculated intensities of most of the vibrational modes of the acetic acid monohydrates from those of their respective syn-and anti-acetic acid conformers, except for the ͑OH͒ of the acetic acid band for S1 and A3 and s ͑OH͒ of the water band for S1, S2, S3, A1, and A2. These changes in the OH stretching bands are expected because of the increased sharing of the H atoms in the respective OH bonds upon monohydrate formation. In particular, the enhanced H sharing is clearly evident from the equilibrium structures of the S1 and A3 conformers ͓Fig. 1͔, where the hydroxyl group of the acetic acid molecule is in effect partially "donating" the H atom to the dangling O atom of the water molecule in the formation of the monohydrate. Similarly, the water molecule is partially donating its H atom to the carbonyl group of the acetic acid in the S1, S2, A1, and A2 monohydrate conformers and to the hydroxyl group of the acetic acid in S3 ͑Fig. 1͒. In summary, the formation of H bonds reduces the force constants of the adjacent ͑covalent͒ bonds in the constituent molecules, causing the redshifts in the corresponding vibrational ͑stretching͒ modes. The increased sharing of the H atoms as a result of the H-bond formation increases the dipole moments of the adjacent bonds and correspondingly the spectral intensities of the respective vibrational modes.
B. Conformers of acetic acid dihydrate
We have also determined the equilibrium structures for the six conformers of the acetic acid dihydrate by using DFT-B3LYP calculations with the nonstandard 6-31+ G͑3d , p͒ and the standard 6-311+ + G͑d , p͒ and 6-311+ + G͑3df ,3pd͒ basis sets, with 226, 188, and 378 basis functions, respectively. Selected structural parameters along with the dipole moment, the total energy E without the E ZP correction, and the binding energy ⌬E without the E BSSE correction obtained by these calculations are presented in Table IV . As with the earlier calculations for the monohydrate conformers, the structural parameters and the energies obtained for these basis sets are very similar to one another for all of the conformers. The basis set 6-31+ G͑3d , p͒ by Ochterski 22 ͑with the least negative total energy E͒ provides ⌬E values and dipole moments similar to those obtained by the largest basis set but with a considerably smaller number of basis functions. The conformer structures obtained by the largest basis set, 6-311+ + G͑3df ,3pd͒, are also energetically most stable ͑i.e., with the most negative total energies͒, and they are shown in Fig. 2 . Table IV shows that the total energy of S11 is the most negative ͑E = −382.143 412 99 hartree͒, while the relative stabilities of the other conformers follow the trend S11Ͼ S12͑24.4 kJ mol −1 ͒ Ͼ S13͑31.3 kJ mol −1 ͒ ϾS22͑31.4 kJ mol −1 ͒ Ͼ S33͑45.4 kJ mol −1 ͒ Ͼ S23͑52.3 kJ mol −1 ͒. Based on these relative stability data, the dihydrate is therefore primarily dominated by the S11 conformer. The ⌬E values follow the same trend S11͑−86.1657 kJ mol −1 ͒ Ͼ S12͑−61.8006 kJ mol −1 ͒ Ͼ S13͑−54.8455 kJ mol −1 ͒ Ͼ S22 ͑−54.7112 mol −1 ͒ Ͼ S33͑−40.7231 kJ mol −1 ͒ Ͼ S23͑−33.8533 kJ mol −1 ͒, which depends on the number and the nature of H bonding involved as discussed below. Table IV also shows that the ⌬E value ͑−66.5338 kJ mol −1 ͒ obtained for a cyclic acetic acid dimer is evidently more negative than those of all dihydrate conformers except for S11 ͓Fig. 2͔. If we include the binding energy of a water dimer ͑−17.2 kJ mol −1 ͒ to the ⌬E value of the acetic acid dimer to account for the additional H bond ͑within the water dimer͒ in the S11 dihydrate conformer, the resulting ⌬E value ͑−83.7 kJ mol −1 ͒ is found to be remarkably similar to the S11 value ͑−86.1657 kJ mol −1 ͒, which suggests that the H-bonding interactions between an acetic acid molecule and the two water molecules in the dihydrates are very similar indeed to those between two acetic acids.
As reflected by the ⌬E values, the H-bonding interactions in the dihydrate conformers are found to be generally stronger than the monohydrate conformers, which indicate the presence of a greater number of H bonds with enhanced Hydrogen bond in acetic acid hydrates J. Chem. Phys. 123, 074325 ͑2005͒ bond strengths in some cases. In particular, the ⌬E value of the most stable dihydrate conformer S11 ͑−86.1657 kJ mol −1 ͒ differs from that of the most stable monohydrate S1 ͑−39.9409 kJ mol −1 ͒ by 46.2248 kJ mol −1 . Even after removing the contribution of the binding energy from a water dimer ͑with a typical ⌬E of − 17.2 kJ mol −1 ͒, there remains a large difference of 29.0 kJ mol −1 , which clearly indicates that the H bonds formed between a water dimer and an acetic acid molecule are considerably stronger. Unlike a single water molecule in the monohydrate ͓Fig. 1͑a͔͒, the water dimer provides a more compatible structure to form collinear H bonds between O CO with the dangling H of the water dimer and between H OH with the dangling O of the water dimer in the dihydrate case ͓Fig. 2͑a͔͒. The forma- tion of a larger eight-member ring structure in the S11 dihydrate conformer ͓Fig. 2͑a͔͒, in contrast with the six-member ring structure in the S1 monohydrate conformer ͓Fig. 1͑a͔͒, therefore appears to have the effects of relieving the strain in all three H bonds. Similarly, enhanced H-bonding interactions between an acetic acid molecule and a water dimer are also found in the dihydrate conformers S22 ͓with ⌬E = −54.7112 kJ mol −1 , Fig. 2͑d͔͒ and S33 ͓with ⌬E = −40.7231 kJ mol −1 , Fig. 2͑f͔͒ with respect to the respective monohydrate conformers S2 ͓with ⌬E = −22.7452 kJ mol −1 , Fig. 1͑b͔͒ and S3 ͓with ⌬E = −12.7262 kJ mol −1 , Fig. 1͑c͔͒ after appropriate consideration of the ⌬E value of a water dimer. In addition to the more open ring structures in these dihydrate conformers that relieve the H-bond strain, the dangling H atom in a water dimer could also be more reactive than that of a water monomer. In comparison with the respective monohydrate conformers, the dangling H atom of the water dimer evidently forms a shorter and more collinear H bond in the dihydrate conformers. In particular, the bond lengths and bond angles R͑O CO¯HH 2 13 .17°, and 14.48°larger than the corresponding H-bond lengths and angles in S1, S2, and S3, respectively. In the case of S11, the dangling O atom in the water dimer appears to form a stronger/shorter and more collinear H bond with the hydroxyl H of acetic acid ͕with R͑H OH¯OH 2 O ͒ = 1.6829 Å and ͑OH OH¯OH 2 O ͒ = 176.80°͓Fig. 2͑a͔͖͒ than the corresponding H bond in S1 ͓with R͑H OH¯OH 2 O ͒ = 1.8068 Å and ͑OH OH¯OH 2 O ͒ = 157.11°͔ ͓Fig. 1͑a͔͒. It should be noted that the H bond of the water dimer itself in the S11 dihydrate conformer is found to be shorter ͑1.7515 Å͒ and less collinear ͑160.91°͒ than those in S22 ͑1.8487 Å, 167.26°͒ and S33 ͑1.8903 Å. 165.38°͒, which could be the result of the formation of the stable eight-member ring structure in the S11 conformer.
The remaining dihydrate conformer structures do not involve the formation of a water dimer and the corresponding ⌬E values may therefore be considered as the sum of the ⌬E values of the contributing monohydrate conformers. In particular, the S12 ͓with ⌬E = −61.8006 kJ mol −1 , Fig. 2͑b͔͒ and S13 ͓with ⌬E = −54.8455 kJ mol −1 , Fig. 2͑c͔͒ dihydrate conformers may be regarded as a combination of the most stable S1 monohydrate structure ͓with ⌬E = −39.9409 kJ mol Fig. 2͑e͔͒ can be regarded as a combination of S2 with S3. Unlike the conformers involving the water dimer ͑S11, S22, and S33͒, the energy differences between the ⌬E values of the S12, S13, and S23 dihydrate conformers and the corresponding sums of the ⌬E values of the contributing monohydrate conformers are considerably smaller ͑less than 2.2 kJ mol −1 ͒, confirming the lack of any effective ͑correlated or collective͒ interaction between the two water molecules. Like the monohydrate conformers ͑Fig. 1͒, different types of H bonding ͑with different bond strengths͒ observed in the S12, S13, and S23 dihydrate conformers can also be categorized based on the corresponding bond lengths. In particular, the H bonding between the hydroxyl Table IV͒ . The relative bond strengths of these H-bonding types observed in both monohydrate and dihydrate conformers are therefore consistent with the stronger electron donating nature of the carbonyl group than the hydroxyl group in acetic acid.
Except for the S11 conformer, the methyl H atoms in acetic acid in all other dihydrate conformers could interact with the dangling O in the water molecules. As shown in Table IV , these interactions are considerably weaker than the aforementioned H-bond interactions, giving a bond length R͑H CH 3¯O H 2 O ͒ near 2.4 Å for S22 and S33 and above 2.6 Å for S12, S13, and S23. The discernibly shorter R͑H CH 3¯O H 2 O ͒ bond lengths for S22 and S33 are likely due to the effects of H bonding in the water dimers of these conformers, which impose a less flexible structure. 
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obtained by the B3LYP/ 6-311+ + G͑3df ,3pd͒ calculation. These results are compared with those calculated for synacetic acid and the monohydrate conformers S1, S2, and S3. Evidently, most of the wave numbers, particularly those involving the C -CH 3 backbone, are found to be similar to one another and to those found for the syn-acetic acid and the monohydrate conformers S1, S2, and S3. Like the monohydrates, discernible differences are observed in the more intense vibrational modes of the functional groups that are directly involved in H bonding. In particular, the ͑C v O͒ stretching wave numbers for most of the dihydrate conformers ͑Table III͒ are found to undergo a redshift ͑with respect to the respective syn-acetic acid conformer͒ ͓⌬ = −69 cm −1 ͑S11͒, −72 cm −1 ͑S12͒, −35 cm −1 ͑S13͒, −36 cm −1 ͑S22͒, and −15 cm −1 ͑S23͔͒, except for S33 ͑⌬ = + 15 cm −1 ͒ that exhibits a blueshift. Interaction with the water dimer as in the dihydrate conformers S11, S22, and S33 therefore appears to increase the ͑C v O͒ wave-number shifts of the respective monohydrate conformers S1 ͑⌬ = −48 cm −1 ͒, S2 ͑⌬ = −27 cm −1 ͒, and S3 ͑⌬ = + 12 cm −1 ͒, which confirms our earlier hypothesis that the dangling H of the water dimer is more reactive. Moreover, as with the corresponding wavenumber shifts for ͑C-O͒ ͓␦͑COH͔͒ in the monohydrate conformers S1 ͓⌬ = + 89 cm −1 ͑+59 cm −1 ͔͒ and S2 ͓⌬ = + 13 cm −1 ͑+12 cm −1 ͔͒ that are anticorrelated with the ͑C v O͒ wave-number shifts, most of the dihydrate conformers also exhibit a blueshift for the ͑C-O͒ ͓␦͑COH͔͒ mode ͓⌬ = + 109 cm −1 ͑+60 cm −1 ͒ for S11, +109 cm
͑+65 cm −1 ͒ for S12, +79 cm −1 ͑+68 cm −1 ͒ for S13, +16 cm −1 ͑+15 cm −1 ͒ for S22, and +14 cm −1 ͑0 cm −1 ͒ for S23͔. The minor redshift for the ͑C-O͒ ͓␦͑COH͔͒ mode observed for S33 ͓⌬ =−1 cm −1 ͑−14 cm −1 ͔͒ is found to be essentially identical to that of the S3 monohydrate conformer ͓⌬ =−1 cm −1 ͑−13 cm −1 ͔͒, which is not surprising given the similarities of the local structures of S33 and S3 at the hydroxyl group. Despite the secondary effects on the ͑C-O͒ ͓␦͑COH͔͒ shifts, the dangling H of the water dimer in the dihydrate conformers S11, S22, and S33 also appears to generally amplify these shifts. As expected from the similarities of the structures of the S13 ͓Fig. 2͑c͔͒ and S23 ͓Fig. 2͑e͔͒ conformers to their respective constituent monohydrate structures, these conformers exhibit ͑C v O͒ and ͑C-O͒ ͓␦͑COH͔͒ wave-number shifts common to those found in the S1 and S3 and in the S2 and S3 monohydrate conformers, respectively. For the S12 conformer, the effects of the second water molecule on the S1 conformer are more complex because of the bonding of the second water molecule to the carbonyl O ͓Fig. 2͑b͔͒. In the case of the ͑OH͒ stretching mode, the redshift for S11 ͑⌬ = −608 cm −1 ͒ is found to be considerably larger than that for the monohydrate S1 ͑⌬ = −360 cm −1 ͒, which further confirms the enhanced bonding interactions in the eight-member ring structure. The ͑OH͒ redshifts for S12 ͑⌬ = −394 cm −1 ͒ and S13 ͑⌬ = −426 cm −1 ͒ are larger than that of S1, reflecting the effects exerted by the second water molecule on the carbonyl group in S12 and on the hydroxyl group in S13, respectively. As expected from the near-zero shifts in ͑OH͒ for the monohydrate conformers S2 ͑⌬ =−3 cm −1 ͒ and S3 ͑⌬ =−2 cm −1 ͒, and the corresponding redshifts for other dihydrate conformers ͓⌬ =−4 cm −1 ͑S22͒, −7 cm −1 ͑S23͒, −4 cm −1 ͑S33͔͒ are almost close to zero, which again illustrates the minimal effects of the water molecules to the local OH bond in these dihydrate conformers.
The vibrational modes of water in the dihydrate conformers S12, S13, and S23 can generally be considered similar to those found in their contributing constituent monohydrate conformers S1, S2, and S3. For the dihydrate conformers with the water dimer, S11, S22, and S33, there appear to be larger redshifts in the s ͑OH͒ symmetric stretching mode from that of a free water molecule with respect to the S1, S2, and S3 monohydrate conformers, respectively, ͑Table III͒. Like the monohydrates, the formation of H bonds in these dihydrate conformers therefore generally weakens the adjacent covalent bonds in the constituent acetic acid and water molecules. The calculated changes in the vibrational wave numbers are generally consistent with the corresponding changes in the respective bond lengths upon hydrate formation, and the evolution of the calculated wave-number shifts ⌬ from monohydrates to dihydrates could be useful to infer experimental spectrum of acetic acid adsorbed on an ultrathin ice film. 23 The calculated intensities of most of the vibrational modes of the acetic acid dihydrate conformers follow those of the contributing monohydrate conformers. In particular, the calculated spectra of S22 and S33 closely resemble those of S2 and S3, respectively, while that for S23 may be regarded as a combination of those of S2 and S3 ͑Table III͒. In the case of S11, S12, and S13, the calculated spectral intensities are generally similar to those of S1, with the exception of the ͑OH͒ band for acetic acid, which is considerably more intense in the dihydrate conformers than that found in S1. The near doubling in the ͑OH͒ spectral intensity for the S11 dihydrate conformer with respect to the S1 conformer is correlated with the reduction in the H-bond length R͑H OH¯OH 2 O ͒ by 0.1239 Å from that of S1 due to the formation of the eight-member ring structure ͓Fig. 2͑a͔͒. Similarly, the increases in the ͑OH͒ spectral intensities for the S12 and S13 dihydrate conformers by at least 25% are related to the less pronounced bond shortening in the R͑H OH¯OH 2 O ͒ from that for S1 ͕0.0249 Å for S12 ͓Fig. 2͑b͔͒ and 0.0408 Å for S13 ͓Fig. 2͑c͔͖͒, which are related to the more subtle intramolecular structural changes to the acetic acid as a result of the addition of the second water molecule. These structural changes affect the extent that the hydroxyl group of the acetic acid molecule is donating the H atom to the dangling O atom of the water molecule in the formation of the dihydrate. Similarly, the water molecule is partially donating its H atom to the carbonyl group of the acetic acid in the S1, S2, A1, and A2 monohydrate conformers and to the hydroxyl group of the acetic acid in S3 ͑Fig. 1͒. In summary, the formation of H bonds reduces the force constants of the adjacent ͑covalent͒ bonds in the constituent molecules, causing the redshifts in the corresponding vibrational ͑stretching͒ modes. The increased sharing of the H atoms as a result of the H-bond formation increases the dipole moments of the adjacent bonds and correspondingly the spectral intensities of these vibrational modes.
IV. CONCLUDING REMARKS
The H-bonding interactions in acetic acid monohydrates and dihydrates have been studied by using DFT calculations with different basis sets. The nonstandard diffuse polarization basis set, 6-31+ G͑3d , p͒, can be used to provide relatively accurate results with considerably lower computational cost. We obtain the structures and energetics of six monohydrate conformers ͑three with syn-acetic acid and three with anti-acetic acid͒ and six dihydrate conformers with syn-acetic acid, of which the respective cyclic double-H-bonded structures S1 and S11 are found to be the most stable. Evidently, the binding energies of monohydrates and dihydrates follow the trends S1 Ͼ A3 Ͼ A2 Ͼ S2 Ͼ A1 Ͼ S3 and S11Ͼ S12Ͼ S13Ͼ S22Ͼ S33Ͼ S23, respectively. The binding energies ͑per hydrogen bond͒ of the most stable monohydrate and dihydrate conformers ͑S1 and S11͒ are also found to be discernibly larger than that of the water dimer. This result supports our recent FTIR-RAS observation of coevaporation of acetic acid and water upon annealing acetic acid on ice. 23 The calculated vibrational wave numbers and intensities of monohydrates and dihydrates are found to be generally consistent with the reported experimental gasphase and matrix data 34, 35 and can be understood in terms of spectral evolution as a result of hydrate formation.
